Introduction
============

Zoledronic acid, a nitrogen-containing bisphosphonate (NBP), is a potent inhibitor of bone resorption commonly used to treat cancer-induced bone disease from solid tumours and multiple myeloma \[[@b1]\]. Zoledronic acid induces apoptosis of osteoclasts through inhibition of key enzymes of the mevalonate pathway, which is responsible for post-translational modification of a wide range of proteins including signalling GTPases \[[@b2]\]. The molecular target for NBPs has been identified as farnesyl diphosphate (FPP) synthase, and binding of NBP to FPP synthase prevents the formation of FPP and its downstream metabolite geranyl geranyl diphosphate (GGPP) \[[@b3]\].

The mevalonate pathway constitutes an important part of the metabolic process resulting in cholesterol synthesis, which is ubiquitous to all nucleated cells, and zoledronic acid may therefore also induce apoptosis of other cell types, including tumour cells. In support of this, there is increasing evidence from both *in vitro* and *in vivo* model systems for a role of NBPs as potential anti-tumour agents, reviewed in Ref. \[[@b4]\]. The majority of the reported effects can be overcome by replenishing the tumour cells with farnesol or genanylgeraniol, providing substrates for isoprenylation. Small GTPases of the Rab, Ras and Rho families have been the most studied targets for NBPs, as they play important roles in maintaining normal osteoclast function. However, with approximately 300 peptides with prenylation motifs identified in the human proteome, there are a large number of additional potential targets for drugs that interfere with this form of post-translational modification \[[@b5]\]. An interesting protein in this context is the centromeric protein Cenp-F (mitosin) that has been shown to undergo farnesylation, and together with other proteins such as Cenp-E, cytoplasmic dynein, MAD1, MAD2, Bub1 and BubR1 form the protein complex responsible for kinetochore assembly, microtubule attachment, microtubule dynamics and spindle checkpoint signalling during mitosis \[[@b6]\]. The mature kinetochore plays a critical role in chromosome segregation, mediating the establishment and maintenance of kinetochore-microtubule attachments and the regulation of the spindle assembly checkpoint (SAC). Cenp-F is a 367 kD protein expressed in a cell cycle dependent manner. Only low levels of Cenp-F are present in S-phase, which accumulates during the cell cycle resulting in a peak at G2/M-phase. In S/G2-phase, Cenp-F is mainly distributed in the nucleus but is excluded from the nucleoli \[[@b7], [@b8]\]. There is a dynamic spatial and temporal distribution of Cenp-F during mitosis progression. In late G2, a sub-pool of protein is localized at the nuclear envelope with the bulk of Cenp-F distributed within the nuclear matrix. It is first detectable at the kinetochores in late G2 to early prophase, and is reported to be one of the first proteins to associate with the kinetochores, suggesting a role for Cenp-F in its initial assembly \[[@b6]\]. Cenp-F exhibits several motifs that have been proposed to contribute to its function and localization, including farnesylation sites. Between late S-phase and prophase the protein is modified by farnesylation at a CAAX box motif at the C-terminus \[[@b9], [@b10]\]. Hussein and Taylor showed that the localization of Cenp-F to the nuclear envelope in G2/M and the kinetochores in early mitosis, as well as Cenp-F degradation, is dependent on its farnesylation \[[@b9]\]. Studies with farnesyltransferase inhibitors (FTIs) suggested that farnesylation of Cenp-F is also necessary for its function at the G2/M transition \[[@b11]\]. Taken together, there is emerging evidence that inhibition of Cenp-F farnesylation results in disruption of correct kinetochore assembly, subsequently leading to delayed cell cycle progression and inhibition of cell proliferation. As NBPs have been shown to affect protein prenylation, as well as inhibit tumour cell proliferation \[[@b12], [@b13]\], we have investigated whether zoledronic acid causes delocalization of Cenp-F from the kinetochore in breast cancer cells. We found that cancer cells treated with zoledronic acid displayed loss of Cenp-F from the kinetochore, accompanied by an accumulation of cells in early stages of mitosis and disrupted chromosome alignment, whereas this does not happen in non-malignant MCF-10A cells. The effects could be counteracted by addition of farnesol (FOH), showing that they were mediated through inhibition of the mevalonate pathway. Our data are the first to show an effect of zoledronic acid on kinetochore assembly in breast cancer cells, and we propose that Cenp-F may be a novel target protein contributing to the anti-tumour effects of zoledronic acid.

Materials and methods
=====================

Cell lines and tissue culture
-----------------------------

The hormone-independent human breast cancer cell lines MDA-MB-436 and MDA-MB-231 and the hormone-dependent human breast cancer cell line MCF-7 were obtained from the European collection of cell cultures (Salisbury, UK). MDA-MB-436, MDA-MB-231 and MCF-7 cells were cultured in RPMI-1640 medium supplemented with 10% foetal calf serum (both from Gibco, Invitrogen, Paisley, UK) and harvested with trypsin (0.05%)--EDTA (0.02%) (PAA Laboratories GmbH, Pasching, Germany). MCF-10-A cells were cultured in DMEM:HAMS nutritient mix F12 + Glutamax medium (Gibco, Invitrogen, Paisley, UK) supplemented with 5% horse serum (Invitrogen, Paisley, UK) 10 μg/ml insulin, 20 ng/ml epidermal growth factor and 0.1 μM hydrochortisol (all from SIGMA-Aldrich, Steinheim, Germany).

Drugs and chemicals
-------------------

Zoledronic acid (\[2-(imidazol-1-yl)-hydroxy-ethylidene-1,1-bisphosphonic acid, disodium salt, 4.5 hydrate\]) supplied as the hydrated di-sodium salt by Novartis Pharma AG, Basel, Switzerland. A 10 mM stock solution was prepared in PBS and stored at −20°C. Farnesol (trans-trans farnesol, (E,E)-3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol trans,trans-3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol) was stored at room temperature and geranylgeraniol (trans-3,7,11--15-Tetramethyl-2,6,10,14-hexadecatetraen-1-ol), stored at −20°C, were both obtained from SIGMA-Aldrich. A 50 mM stock solution of Clodronate (dichloromethylene bisphosphonate disodium tetrahydrate) in dH~2~O was prepared and stored at 4°C. Clodronate was from Leiras Oy, Turku, Finland.

Cell treatment
--------------

After harvesting, cells were seeded (MDA-MB-231 and MDA-MB-436 at 2 × 10^4^ cells/ml, MCF-7 at 4 × 10^4^ cells/ml and MCF 10-A at 4 × 10^4^ cells/ml, 0.5 ml per chamber) into chamber slides (Lab-Tek, Nalge Nunc International, NY, USA). Cells were incubated for 24 hrs at 37°C and 5% CO~2~ prior to treatment. Subsequently, medium was discarded and fresh medium supplemented with the drug and/or chemical of interest was added at the concentration and exposure time indicated in the result section.

Immunofluorescence staining
---------------------------

Cells were fixed in 3.7% formalin for 10 min., washed three times in PBS and permeabilized in 0.1% Triton X-100 for 5 min. After three wash steps, non-specific binding sites were blocked with 2% BSA and 5% normal horse serum in PBS. Cells were incubated over night at 4°C with anti-Cenp-F (610768, BD Transduction Laboratories, Erembodegen, Belgium, 1:400), washed three times, then incubated with a biotinylated anti-mouse (BA-2000, Vector Laboratories Inc., Burlingame, CA, USA, 1:100) for 1 hr at ambient temperature, washed three times and then incubated for 1 hr in Fluorescein-Avidin D at ambient temperature (Fluorescein A-2001, Vector Laboratories Inc. 1:250). Cells were mounted with Prolong Gold anti-fade reagent with DAPI (Molecular Probes, Invitrogen, OR, USA).

Microscopy and scoring
----------------------

Immunofluorescence microscopy was performed with a fluorescence and phase contrast inverted microscope (Leica DMI 4000B, Germany) with a 40.0×:0.60 DRY objective. Images were acquired with LAS AF software (Leica Microsystems CMS GmbH) and a DFC 300F× R2 Camera (Version:1.8.0).

Forty cells in pro-, prometa- and metaphase were scored for Cenp-F localization at or not at the kinetochore. Only cells with a clear punctuate pattern of Cenp-F localized within the DAPI stained DNA were scored as 'cells with Cenp-F localized at the kinetochore'. Mitotic cells of each mitotic stage (pro-, prometa-, meta-, ana-, telophase) were counted for mitosis progression experiments. The degree of chromosome condensation (DAPI) was used as criteria for mitotic stages. For quantification of mitotic cells with lagging chromosomes, 100 mitotic cells were counted per drug concentration.

Statistical analysis
--------------------

Statistical analysis was performed with GraphPad Prism software (Version 5.01). Experiments with various drug exposure times and concentrations were analysed by two-way ANOVA and Bonferroni post test. For differences between means in experiments with only one exposure time, one-way ANOVA and Dunnett post test was performed. In all cases, a *P*-value of \<0.05 was considered significant.

Results
=======

Zoledronic acid inhibits Cenp-F/mitosin localization at the kinetochore in breast cancer cells
----------------------------------------------------------------------------------------------

The farnesylated protein Cenp-F, involved in regulation of mitosis, represents a potential novel molecular target for zoledronic acid. Displacement and/or dysfunction of mitotic proteins may be involved in mediating the reported anti-tumour effects of NBPs ([Fig. 1](#fig01){ref-type="fig"}). We therefore investigated the effects of zoledronic acid on Cenp-F kinetochore localization in MDA-MB-436, MDA-MB-231 and MCF-7 human breast cancer cells. Cells were exposed to increasing doses of zoledronic acid for either 24 or 48 hrs, fixed and Cenp-F localization in mitotic cells was assessed using fluorescence microscopy. Effects of the used treatment schedules on cell viability were ruled out by initial experiments in which no effect on MDA-MB-436 cell apoptosis was observed after treatment with 25 μM zoledronic acid for 72 hrs or on MCF-7 cells after 48 hrs at 25 μM (data not shown).

![Schematic representation of the potential effects on Cenp-F following zoledronic acid treatment. Cenp-F farnesylation, which is crucial for Cenp-F localization to the kinetochores, takes place during late S-phase. This enables the protein to take an active part in kinetochore assembly, chromosome alignment/segregation and G2/M transition. The potential effects of inhibition of Cenp-F farnesylation by zoledronic acid and the resulting consequences for the cell are depicted in the left panel.](jcmm0015-0501-f1){#fig01}

Cenp-F staining of untreated MDA-MB-436 cells at different stages of mitosis showed localization of the protein as reported in previous studies \[[@b7], [@b14]\], with clear kinetochore staining in pro-, prometa- and metaphase. Following treatment with zoledronic acid, there was a marked redistribution of Cenp-F from the kinetochore, resulting in a dispersed staining pattern ([Fig. 2](#fig02){ref-type="fig"}). The punctuate pattern of Cenp-F staining was evident in control cells ([Fig. 2A](#fig02){ref-type="fig"} and C) whereas the distinct pattern was completely abolished in zoledronic acid treated cells ([Fig. 2B](#fig02){ref-type="fig"} and D) which exhibited diffuse staining for Cenp-F.

###### 

Zoledronic acid induces delocalization of Cenp-F from the kinetochore. In untreated MDA-MB-436 cells, Cenp-F is localized at the kinetochore (A, C). (B) and (D) show images of MDA-MB-436 cells treated with zoledronic acid (10 μM for 24 hrs + 24 hrs incubation in drug-free medium) at the respective mitotic stages to (A) and (C), but lacking Cenp-F associated with the kinetochore. Cells were stained using a specific antibody to Cenp-F (green) and DNA visualized by DAPI (blue). White arrows indicate cells of interest.
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Quantitation showed that compared to untreated control, all of the cancer cell lines displayed a significant decrease in the number of mitotic cells in either prophase, prometaphase or metaphase with Cenp-F localized at the kinetochore following 24 hrs treatment with 10 μM and 25 μM zoledronic acid ([Fig. 3](#fig03){ref-type="fig"}). The reduction was 50.0% and 33.3% vs. 91.7%, both *P* \< 0.001, MDA-MB-436 ([Fig. 3A](#fig03){ref-type="fig"}); 58.3% and 58.8% vs. 94.2%, *P* \< 0.01 and *P* \< 0.01, MDA-MB-231 ([Fig. 3B](#fig03){ref-type="fig"}); and 46.7% and 36.7% vs. 81.7%, *P* \< 0.01 and *P* \< 0.001, MCF-7 ([Fig. 3C](#fig03){ref-type="fig"}). Following 24 hrs exposure, there was no significant difference in the effect caused by the two drug concentrations, a dose of 10 μM was sufficient to cause significant levels of Cenp-F delocalization. This effect was further enhanced following 48 hrs continuous exposure to the drug. A total of 10 and 25 μM zoledronic acid caused a decrease in the percentage of MDA-MB-436 cells with Cenp-F localized at the kinetochore to 25.8% and 10.8%, respectively, (both *P* \< 0.001 vs. control 90.0%), 49.2% and 20.0% in MDA-MB-231 cells (both *P* \< 0.001 vs. control 96.7%) and 24.2% and 20.0% in MCF-7 cells (both *P* \< 0.001 vs. control 80.8%).

![Zoledronic acid significantly reduces the percentage of cells with Cenp-F localized at the kinetochore. MDA-MB-436, MDA-MB-231 and MCF-7 cells were treated with 0, 10 or 25 μM zoledronic acid for 1, 4, 6, 8, 24 (followed by incubation in medium for up to 48 hrs) or cells were continuously exposed to zoledronic acid for 48 hrs. The percentage of cells in pro-, prometa- and metaphase with Cenp-F localized at the kinetochore was determined. Results are the mean ± SEM of three experiments. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, for differences between each treatment group compared to corresponding control. \**P* \< 0.05, for differences between corresponding treatment groups.](jcmm0015-0501-f3){#fig03}

These data show that 24 hrs exposure to 10 μM zoledronic acid is sufficient to significantly reduce the number of mitotic breast cancer cells with Cenp-F localized at the kinetochore and this effect was increased with higher concentrations and prolonged treatment times. Because MDA-MB-436 cells appear to have the greatest sensitivity to zoledronic acid treatment, the cell line was chosen for a range of experiments. Furthermore a GFP transfected version of this cell line has been used in previous *in vivo* studies exploring the potential anti-tumour effects of zoledronic acid \[[@b15]\].

To confirm that the observed effect on Cenp-F delocalization is due to zoledronic acid's ability to inhibit protein prenylation, experiments with the non-NBP clodronate were performed. Because clodronate is known to be less potent at inhibiting bone resorption than zoledronic acid \[[@b1]\] a dose of 500 μM was used to treat MDA-MB-436 cells for 48 hrs. Clodronate treatment did not cause any change in Cenp-F localization at the kinetochore, supporting that this effect is due to inhibition of FPP synthase by zoledronic acid (data not shown).

Zoledronic acid is rapidly cleared from the circulation to bone following *in vivo* infusion, and peripheral tissues, including tumours, will therefore only be exposed to this drug for a limited period of time. To establish the minimum exposure time required to affect Cenp-F localization, we determined the percentage of mitotic breast cancer cells with Cenp-F at the kinetochore following exposure to 10 or 25 μM zoledronic acid for 1, 4, 6 and 8 hrs. As shown in [Fig. 3](#fig03){ref-type="fig"}, treating MDA-MB-436 cells with 25 μM zoledronic acid for 4 hrs significantly decreased the proportion of cells with Cenp-F at the kinetochore compared to control (72.5% vs. 90.8%, *P* \< 0.01, [Fig. 3D](#fig03){ref-type="fig"}). Similar decreases were observed after 6 hrs treatment of MDA-MB-231 cells with 10 and 25 μM zoledronic acid (76.7% and 74.2% vs. 92.5%, *P* \< 0.01 and *P* \< 0.01, [Fig. 3E](#fig03){ref-type="fig"}) and in MCF-7 cells treated with 10 μM (68.3% vs. 85.0%, *P* \< 0.05, [Fig. 3F](#fig03){ref-type="fig"}). Increasing the zoledronic acid exposure time to 8 hrs caused significant reductions in kinetochore-associated Cenp-F-levels in all cell lines, with the highest effect found in MDA-MB-436 cells (65% vs. 91.7% in the control *P* \< 0.001, [Fig. 3D](#fig03){ref-type="fig"}). These data show that treatment of breast cancer cells with zoledronic acid for as short as 6−8 hrs induced a significant decrease of cells with Cenp-F localized at the kinetochore. Although prolonged exposure (24--48 hrs) resulted in a more pronounced effect, shorter exposure times (6--8 hrs) may be sufficient to affect tumour cells by this mechanism.

Doses of zoledronic acid used in some *in vitro* experiments (10--25 μM for up to 48 hrs) are not clinically achievable as plasma levels of the drug, following 4 mg i.v. infusion, only reach up to 1--2 μM. Therefore, we investigated whether lower concentrations of zoledronic acid could affect the localization of Cenp-F. MDA-MB-436 cells were treated with 0, 4, 6, 10 or 25 μM zoledronic acid for 48 hrs continuously and were analysed for Cenp-F localization. As shown in [Fig. 4](#fig04){ref-type="fig"}, treatment with 6 μM zoledronic acid for 48 hrs significantly decreased the percentage of cells with Cenp-F at the kinetochore when compared to untreated control (59.2% vs 90%, *P* \< 0.05), and a dose-dependent increase in the number of cells without Cenp-F at the kinetochore was observed (33.3% and 21.2% vs control 90%, *P* \< 0.001 and *P* \< 0.001).

![Low zoledronic acid doses affect Cenp-F localization at the kinetochore. MDA-MB-436 cells were treated with 0, 4, 6, 10 and 25 μM zoledronic acid for 48 hrs prior to DNA and Cenp-F staining. Cells were then analysed by microscopy for Cenp-F localization. Results are the mean ± SEM of three experiments. \**P* \< 0.05, \*\*\**P* \< 0.001 for differences between each treatment group compared to control.](jcmm0015-0501-f4){#fig04}

These data show that a concentration of zoledronic acid as low as 6 μM is sufficient to induce loss of Cenp-F at the kinetochore, suggesting that high drug concentrations are not required to affect fast growing cancer cells.

Effects of zoledronic acid on mitosis progression in breast cancer cells
------------------------------------------------------------------------

Localization of Cenp-F to the kinetochore is dependent on farnesylation of the CAAX motif at the C-terminus of the protein, and studies using siRNA have found that Cenp-F-depleted cells show a delay in mitosis progression \[[@b9], [@b16]\]. Inhibition of Cenp-F farnesylation caused by FTI treatment is reported to induce a similar inhibition in cell cycle progression to that seen in Cenp-F-depleted cells \[[@b17]\]. We therefore investigated whether zoledronic acid induced depletion of Cenp-F from the kinetochore had an effect on mitosis progression in breast cancer cells. This was assessed following treatment of MDA-MB-231, MDA-MB-436 and MCF-7 cells with increasing doses of zoledronic acid for up to 48 hrs, and determination of the number of cells in each mitotic stage (prophase, prometaphase, metaphase, anaphase and telophase) compared to untreated control. A significant increase of MDA-MB-231 cells in pro-, prometa- and metaphase was observed after exposure to 10 μM zoledronic acid for 24 hrs (83.3% vs. 65.8%, *P* \< 0.05, [Fig. 5B](#fig05){ref-type="fig"}) and in MDA-MB-436 cells after 48 hrs treatment with 25 μM zoledronic acid (91.6% vs. 76.6%, *P* \< 0.05, [Fig. 5A](#fig05){ref-type="fig"}). MCF-7 cells in prophase, prometaphase and metaphase increased significantly after 24 hrs treatment with 10 μM zoledronic acid (84.2% vs. 65%, *P* \< 0.05, [Fig. 5C](#fig05){ref-type="fig"}) but not at 48 hrs to either drug concentration. These data suggest that 25 μM zoledronic acid for 48 hrs has little effect on mitosis progression in human breast cancer cells when determining the effect regardless to Cenp-F localization of the cells.

![Zoledronic acid causes an increase of breast cancer cells in pro-, prometa- and metaphase lacking Cenp-F at the kinetochore. MDA-MB-436, MDA-MB-231 and MCF-7 cells were treated with 0, 10 or 25 μM zoledronic acid for 1, 4, 6, 8, and 24 hrs (followed by incubation for up to 48 hrs in medium), or cells were continuously exposed to zoledronic acid for 48 hrs. The percentage of cells in pro-, prometa-, meta-, ana- and telophase was determined. Percentages of cells in pro-, prometaphase and metaphase regardless of Cenp-F localization are depicted in (A--C). In addition, the percentage of cells in pro-, prometa- and metaphase without Cenp-F localized at the kinetochore was determined (D--F). Results are the mean ± SEM of three experiments. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, for differences between each treatment group compared to corresponding control. \*\**P* \< 0.01 for differences between treatment groups.](jcmm0015-0501-f5){#fig05}

We next investigated whether progression of cells in early stages of mitosis without Cenp-F at the kinetochore was affected to a greater extend compared to cells with correct Cenp-F localization. Breast cancer cells were treated with zoledronic acid for up to 48 hrs, stained for Cenp-F, and the number of cells in pro-, prometa- and metaphase lacking Cenp-F at the kinetochore was determined. The number of cells in ana- and telophase was also assessed. In MDA-MB-436 cells, 10 and 25 μM zoledronic acid induced a significant increase in the percentage of pro-, prometa- and metaphase cells without Cenp-F at the kinetochore after 6 hrs, compared to control (20.8% and 23.3% vs. 5%, *P* \< 0.05 and *P* \< 0.01, [Fig. 5D](#fig05){ref-type="fig"}). This was further enhanced with increasing treatment times (60% and 80% vs. 9.2% at 48 hrs, *P* \< 0.001 and *P* \< 0.001). Although an effect of treatment was seen in all cell lines, it was less pronounced in MDA-MB-231 and MCF7, compared to MDA-MB-436 cells. A significant increase in MDA-MB-231 cells in pro-, prometa and metaphase without Cenp-F at the kinetochore could be seen following 8 hrs treatment with 25 μM zoledronic acid compared to control (23.3% vs. 5%, *P* \< 0.05, [Fig. 5E](#fig05){ref-type="fig"}). This increased to 44.2% and 67.5% (both *P* \< 0.001 compared to control of 2.5%), following 48 hrs treatment with 10 and 25 μM. In MCF-7 cells, 24 hrs exposure to 10 and 25 μM zoledronic acid increased the cells in pro-, prometa- and metaphase to 43.3% and 51.7% vs. control levels of 10.8%, both *P* \< 0.001 ([Fig. 5F](#fig05){ref-type="fig"}), reaching maximum after 48 hrs continuous exposure to 10 and 25 μM (63.3% and 68.75% vs. 15.8%, *P* \< 0.001 and *P* \< 0.001). These data show that exposing breast cancer cells to 10 μM zoledronic acid for a period of 6--8 hrs is sufficient to induce a significant increase in the number of MDA-MB-231 and MDA-MB-436 cells lacking Cenp-F at the kinetochore with a shift towards prophase, prometaphase and metaphase. In comparison, the estrogen-dependent cell line MCF-7 seems to be less sensitive to the drugs effect on the cell.

In order to confirm that the effect of zoledronic acid on Cenp-F is specific to fast proliferating cell lines, such as cancer cells, the same experiment was performed with the non-malignant breast cancer cell line MCF-10A. In these cells no change in Cenp-F localization or mitosis progression was observed after zoledronic acid treatment (25 μM for 8 or 24 hrs followed by incubation in drug-free medium up to a total of 48 hrs, or 48 hrs continuous exposure), suggesting that rapidly proliferating cancer cells are more sensitive to the effects of zoledronic acid treatment (data not shown).

The mevalonate pathway intermediary FOH reverses zoledronic acid induced Cenp-F delocalization from the kinetochore
-------------------------------------------------------------------------------------------------------------------

Zoledronic acid causes inhibition of FPP synthase, a key enzyme of the mevalonate pathway, resulting in reduced levels of prenylated proteins \[[@b3]\]. In order to determine whether the zoledronic acid induced reduction of Cenp-F associated with the kinetochore was mediated *via* inhibition of the mevalonate pathway, we investigated the effects of combining zoledronic acid with the mevalonate pathway intermediates GGOH and FOH.

MDA-MB-436 cells were treated with 25 μM zoledronic acid ± 50 μM /100 μM FOH or 50 μM /100 μM GGOH for 48 hrs, and the number of cells with Cenp-F localized at the kinetochore was determined. As expected, zoledronic acid caused a reduction in the percentage of cells with Cenp-F at the kinetochore, but there was no significant effect of either FOH or GGOH alone compared to control ([Fig. 6](#fig06){ref-type="fig"}). Treatment with 25 μM zoledronic acid combined with either 50 μM or 100 μM FOH showed a significant increase in cells with Cenp-F localized at the kinetochore, compared to cells treated with zoledronic acid alone (49.2% and 60.0% vs. 16.7%, *P* \< 0.01 and *P* \< 0.01, [Fig. 6A](#fig06){ref-type="fig"}). In contrast, inclusion of GGOH did not significantly affect the ability of zoledronic acid to cause loss of Cenp-F ([Fig. 6B](#fig06){ref-type="fig"}) when used at identical concentrations to FOH. When using higher GGOH doses (150 μM) together with 25 μM zoledronic acid, the effect of the drug on Cenp-F localization at the kinetochore could be reversed (data not shown).

![The delocalization of Cenp-F from the kinetochore is reversed by low concentrations of FOH but not GGOH. MDA-MB-436 cells were treated with 25 μM zoledronic acid in the presence or absence of 50 μM/100 μM FOH (A) or 50 μM/100 μM GGOH (B) for 48 hrs. Cells in pro-, prometa- and metaphase with Cenp-F localized at the kinetochore were determined. Results are the mean ± SEM of three experiments. \*\**P* \< 0.01 for differences between each combined treatment group compared to zoledronic acid alone.](jcmm0015-0501-f6){#fig06}

These data show that lower doses of FOH are superior to GGOH in reversing the effect on Cenp-F induced by zoledronic acid, which is in agreement with the proposed importance of farnesylation for Cenp-F localization and function.

Zoledronic acid disrupts chromosome alignment and spindle morphology in breast cancer cells
-------------------------------------------------------------------------------------------

Several siRNA studies have reported that depletion of Cenp-F results in chromosome misalignment as well as in increased numbers of cells with multipolar spindles \[[@b8], [@b16], [@b18], [@b19]\]. We therefore investigated whether the zoledronic acid induced reduction of kinetochore-associated Cenp-F was associated with changes in chromosome alignment and/or spindle morphology. MDA-MB-436 cells were exposed to 4, 6, 10 and 25 μM zoledronic acid for 48 hrs and stained for Cenp-F and DNA. The cells that scored positive for misalignment had chromosomes distributed broadly around the prometaphase-, and metaphase plates and/or chromosomes remained far outside of these structures. We found that the number of mitotic cells without Cenp-F at the kinetochore and misaligned chromosomes was significantly increased following treatment with 10 and 25 μM zoledronic acid when compared to control (4.7% and 7.3% vs. 0.3%, *P* \< 0.05 and *P* \< 0.001, [Fig. 7](#fig07){ref-type="fig"}). In addition to the drug-induced disruption of chromosome alignment ([Fig. 7A](#fig07){ref-type="fig"}) we also observed cells containing tripolar spindles ([Fig. 7B](#fig07){ref-type="fig"}), but the increase was not statistically significant for any of the drug concentrations tested. The same experiment was undertaken using the non-malignant breast cell line MCF-10A but no effect on either chromosome alignment or spindle morphology was observed (data not shown). In agreement with other published data, our results show that depletion of Cenp-F from the kinetochore may cause failure in chromosome alignment and abnormalities in spindle morphology.

###### 

Zoledronic acid induces a significant increase of breast cancer cells with chromosomes lagging outside of the metaphase plate. MDA-MB-436 cells were treated with 0, 4, 6, 10 and 25 μM zoledronic acid for 48 hrs. Cells were stained for Cenp-F and DNA and 100 mitotic cells were counted in each treatment group. Cells were scored for mitotic structures with lagging chromosomes and without Cenp-F localized at the kinetochore. Results are the mean ± SEM of three experiments. \**P* \< 0.05, \*\*\**P* \< 0.001 for differences between each treatment group compared to corresponding control. Example images of MDA-MB-436 cells treated with zoledronic acid for 48 hrs showing the induced chromosome misalignment (A) and formation of tripolar spindles (B). Cells were stained using a specific antibody to Cenp-F (green) and DNA visualized by DAPI (blue).
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Discussion
==========

The direct anti-tumour effects of NBPs, in particular zoledronic acid, are still controversial, and the specific molecular mechanisms responsible remain to be identified. There is, however, an agreement that in a range of tumour models, zoledronic acid does inhibit cell growth as well as induce apoptosis, and these effects can be reversed by incorporation of intermediaries of the mevalonate pathway \[[@b20], [@b21], [@b22]\]. Regardless of the cell type, NBPs inhibit FPP synthase, resulting in a depletion of the pool of prenylated forms of proteins required for a variety of cellular functions. The effects of zoledronic acid on prenylated proteins such as the small GTPases, including Ras, Rab and Rho, have been studied in some detail. These GTPases are involved in the regulation of vesicular trafficking, cytoskeletal arrangement and cell survival, and are therefore key targets for NBPs in osteoclasts, recently reviewed by Coxon *et al*. \[[@b23]\]. So far no studies of the effects of zoledronic acid on other types of prenylated proteins have been reported, despite more than 300 peptides with prenylation motifs having been identified in the human proteome \[[@b17]\], together with 60 farnesylated eukaryotic proteins \[[@b11]\]. Studies aiming to identify the molecular effects of zoledronic acid are important to increase our understanding of its proposed anti-tumour action. One example is the study by Marra *et al*. \[[@b24]\] who found a zoledronic acid induced decrease in Cyr61, an angiogenic inducer, in prostate cancer cells. We have investigated the effects of zoledronic acid on Cenp-F, a farnesylated protein implicated in the assembly of the kinetochore structures required for correct chromosome alignment and separation during mitosis ([Table 1](#tbl1){ref-type="table"}). We found that in both hormone-dependent and -independent breast cancer cells, zoledronic acid does cause loss of Cenp-F from the kinetochore. Our findings are in agreement with the results reported by Schafer-Hales *et al*., who investigated the effect of the FTI lonafarnib on 15 human cancer cell lines, including the breast cancer cell lines MCF-7, MDA-MB-231 and MDA-MB-436 \[[@b11]\]. They reported a reduction in the percentage of Cenp-F at the kinetochore after drug treatment, suggesting that farnesylation is required for the correct localization of Cenp-F. In contrast, exposure of zoledronic acid to the non-malignant breast cell line MCF-10-A did not affect Cenp-F localization and the conflicting results may be influenced by several factors including a difference in drug uptake, different effects on FPPs or the effect could be tumour cell specific possibly associated with the increased proliferation rate found in malignant cell types.

###### 

Summary of findings

  **Research question**                                                                 **Cell line**            **Cenp-F localization at the kinetochore**   
  ------------------------------------------------------------------------------------- ------------------------ -------------------------------------------- ---------------
  Effect of zol on Cenp-F localization at the kinetochore                               MDA-MB-436               X                                            
  MDA-MB-231                                                                            X                                                                     
  MCF-7                                                                                 X                                                                     
  Effect of Clodronate on Cenp-F localization at the kinetochore                        MDA-MB-436                                                            X
  Effect of low zol concentrations on Cenp-F localization at the kinetochore            MDA-MB-436               X (from 6 μM)                                X (below 4uM)
  Effect of FOH/GGOH on zol-induced Cenp-F delocalization                               MDA-MB-436               X zol + GGOH                                 X zol + FOH
  Research question                                                                     Cell line                Cells in pro-, prometa-, metaphase (%)       
                                                                                        Increased                No effect                                    
  Effect of zol on mitosis progression                                                  MDA-MB-436               X (only 25 μM, 48 hrs)                       X
  MDA-MB-231                                                                            X (only 10 μM, 24 hrs)   X                                            
  MCF-7                                                                                 X (only 10 μM, 24 hrs)   X                                            
  Effect of zol on mitosis progression without Cenp-F localization at the kinetochore   MDA-MB-231               X                                            
  MDA-MB-436                                                                            X                                                                     
  MCF-7                                                                                 X                                                                     
  MCF-10A                                                                                                        X                                            
  Research question                                                                     Cell line                Chromosome misalignment                      
                                                                                        Yes                      No                                           
  Effect of zol-induced Cenp-F delocalization on chromosome alignment                   MDA-MB-436               X                                            
  MCF-10A                                                                                                        X                                            

We could show that the zoledronic acid induced delocalization of Cenp-F in cancer cells was caused by inhibition of the mevalonate pathway, because the presence of FOH, but not GGOH, effects of zoledronic acid on Cenp-F localization were significantly reversed. The requirement for farnesylation of Cenp-F for kinetochore localization has also been reported by Hussein and Taylor \[[@b9]\]. Post-translational prenylation is mainly involved in ensuring correct membrane association of proteins \[[@b25]\], and it is not clear why lack of farnesylation should cause Cenp-F redistribution, as the kinetochore does not include any membrane structures. It has been suggested that farnesylation is also involved in protein--protein interactions, and that accumulation of unprenylated forms of proteins may compete for effectors \[[@b23]\]. In this context, it may be of importance that two proteins closely associated with both Cenp-F and the kinetochore, Cenp-E and lamin B, are also farnesylated and therefore likely to be affected by zoledronic acid treatment \[[@b17], [@b26], [@b27]\]. Hence it is possible that in addition to Cenp-F, several other proteins involved in ensuring correct chromosome segregation will be affected by zoledronic acid, but this remains to be established.

The standard dosing regimen of zoledronic acid used in treatment of cancer-induced bone disease is a 4 mg infusion every 3--4 weeks, and the high affinity of NBPs for bone and their rapid clearance from the general circulation means that peripheral tumours will be exposed to these drugs for no more than a few hours \[[@b20]\]. This has been one of the main arguments against the ability of zoledronic acid to exert direct anti-tumour effects during standard clinical use. The majority of *in vitro* and *in vivo* studies reporting anti-tumour effects of NBPs have involved the use of very high or frequent repeated dosing. Although there was some variation between the cell lines, 6-hr treatment with zoledronic acid did cause a significant increase in the number of mitotic cells lacking Cenp-F at the kinetochore, indicating that prolonged exposure to the drug is not required in order to generate this effect.

Protein farnesylation is increasingly investigated as a potential target in cancer care and FTIs are currently the subject of investigation in a number of clinical trials. However results are contrary with some studies reporting no beneficial effects (Schering-Plough, Lonafranib in Non-small-cell lung cancer) whereas others could report anti-tumour effects when giving the FTI R115777 in combination with Capecitabine (Eastern Cooperative Oncology Group). The efficacy of FTIs in cancer treatment therefore remains to be established and the contrary results may implicate that a greater anti-cancer benefit could be achieved when targeting both farnesylated and geranylgeranylated proteins as done by NBPs. However, farnesylated proteins do play a major role in cancer proliferation and progression and should not be underestimated as potential anti-cancer targets.

In studies using FTIs, it has been shown that inhibition of Cenp-F farnesylation does result in a delay in cell cycle progression rather than a complete block, and there was an increase in the proportion of lung cancer cells accumulating in G2/M in the presence of FTIs \[[@b28], [@b29]\]. Delayed cell cycle progression is likely to affect fast growing tumour cells, and we show that three different breast cancer cell lines show a similar response to zoledronic acid in relation to Cenp-F, suggesting that this is not a phenomenon associated with a single cell line. In contrast, non-dividing osteoclasts will be unaffected by disruption of chromosome separation. Delocalization of Cenp-F is therefore unlikely to be involved in the inhibition of bone resorption caused by zoledronic acid, where the correct membrane localization of small GTPases are of greater importance due to their established roles in osteoclast function \[[@b2], [@b23]\]. The lack of the effect of zoledronic acid on Cenp-F localization seen in MCF-10A cells suggests that the drug does not exhibit a general activity in all cell types.

Several studies have reported NBP-induced reduction of tumour cell proliferation, including neuroblastoma \[[@b30]\], lung \[[@b31]\], prostate \[[@b32]\] and breast \[[@b33]\]. Several studies reported an effect of FTIs on cancer cell progression through G2/M phase, suggesting that this is caused by inhibition of protein farnesylation. Ashar *et al*. found that the FTI SCH 66336 induced accumulation of human lung cancer cells in G2/M-phase, but did not find any association with Cenp-F depletion from the kinetochore \[[@b17], [@b34]\]. Crespo *et al.* reported that treatment of lung cancer cells with the FTI-2153 caused a significant increase in prometaphase cells, again without any effect of the drug on Cenp-F localization at the kinetochore \[[@b29]\]. In contrast, Hussein and Taylor have shown that Cenp-F farnesylation is required for progression through G2 to M-phase, and that Cenp-F farnesylation is essential for localization to the kinetochore and the nuclear membrane, suggesting a possible connection between the farnesylation status and intracellular protein localization \[[@b9]\].

We further determined whether the drug affected the ability of the cells to enter mitosis, or if progression through M-phase was delayed at a particular stage. Therefore, we treated breast cancer cells with zoledronic acid and assessed the percentage of cells in each mitotic phase, that is pro-, prometa-, meta-, ana- and telophase, by microscopy. Although first experiments showed little effect of zoledronic acid on mitosis progression, it was determined whether cells lacking Cenp-F at the kinetochore were more prone to show changes in mitosis progression. There was a significant increase of cells in pro-, prometa- and metaphase lacking Cenp-F at the kinetochore in all breast cancer cell lines tested when compared to control. These findings suggest that the zoledronic acid induced lack of Cenp-F at the kinetochore plays a role in the accumulation of cells in the early stages of mitosis and that impairment of the Cenp-F and kinetochore association causes disruption of M-phase progression. The observed accumulation of cells in early stages of M-phase following treatment with zoledronic acid suggests a cell cycle delay at either the progression from G2 to M-phase, or a delay of progression from prophase to metaphase. Published studies of the effects of zoledronic acid on the cell cycle of different cancer cell lines have shown an accumulation of cells in S-phase \[[@b12], [@b13]\]. Our results reflect the findings of Merrell *et al.* who reported a decrease of cells in S and a concomitant increase in G1 phase in MDA-MB-231 cells treated with 10 μM zoledronic acid for 72 hrs \[[@b35]\].

The impaired chromosome alignment observed in zoledronic acid treated cells could be due to insufficient microtubule-chromosome attachment as it has been shown that Cenp-F depletion can cause failure/loss of Cenp-E, cytoplasmic dynein and dynactin accumulation at the kinetochore \[[@b8]\]. Cenp-E is a plus end motor protein and is therefore important for correct microtubule attachment \[[@b36]\], and Cenp-E is also a farnesylated protein. Similar effects were reported on cell cycle progression and chromosome alignment after protein silencing of Cenp-E compared to Cenp-F \[[@b37]\]. The effect of the drug on chromosome alignment and M-phase progression may be a combined effect of faulty Cenp-F, Cenp-E (and probably other prenylated kinetochore proteins) localization and maintenance. However, because Cenp-E recruitment to the kinetochore has been shown to be partly dependent on Cenp-F \[[@b6]\], it is most likely that loss of Cenp-F from the kinetochore is the 'master switch' for the observed effects.

Once we had established that zoledronic acid caused disruption of M-phase progression, we investigated the consequences of Cenp-F delocalization on chromosome alignment and separation, as this may potentially explain the disruption of mitosis progression. Following zoledronic acid treatment there was a significant increase in the number of cells lacking Cenp-F at the kinetochore that had chromosomes distributed far outside of the normal metaphase plate. This phenotype reflects the findings of other studies of the effects of Cenp-F depletion on chromosome separation. Yang *et al*. showed that Cenp-F depletion by RNAi caused severe defects in chromosome alignment, accompanied by reduced sister kinetochore tension and premature chromosome decondensation, finally resulting in apoptosis \[[@b8]\]. Holt *et al.* reported that siRNA depletion of Cenp-F resulted in disrupted chromosome alignment and prolonged mitosis, possibly mediated by the activation of the SAC through the checkpoint kinase BubR1 \[[@b16]\]. Impaired chromosome alignment, due to faulty kinetochore-microtubule attachment, could activate the SAC and thus stop cells from progressing through mitosis, resulting in the observed accumulation of cells in pro- and prometaphase \[[@b8], [@b16]\]. It has also been shown that Cenp-F is a microtubule binding protein that may be part of the microtubule-chromosome attachment machinery \[[@b18], [@b28]\]. In addition to the impaired chromosome alignment, Cenp-F-depleted cells show abnormalities in spindle morphology \[[@b16]\]. Yang *et al.* found that approximately 16% of HeLa cells lacking Cenp-F exhibited multipolar spindles, and that Cenp-F-depleted cells in late pro- or metaphase had abnormal bipolar spindles \[[@b8]\]. In a comprehensive study of the effects of Cenp-F depletion, Bomont found that this would result in gross chromosome missegregation in only a subset of cells, whereas in the majority of cells the effect was mitotic delay \[[@b28]\]. In agreement with these results, we observed the presence of multipolar spindles in zoledronic acid-treated cells lacking Cenp-F at the kinetochore.

Our data show that in rapidly proliferating breast cancer cells, zoledronic acid causes disruption of Cenp-F localization at the kinetochore. The effects were caused by inhibition of the mevalonate pathway, most likely by reducing the levels of post-translational farnesylation of Cenp-F. This is the first report showing that zoledronic acid may exert part of its anti-tumour effect by disrupting kinetochore assembly and subsequently reducing tumour cell proliferation.
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